Bandwidth and power hungry applications are proliferating in mobile networks at a rapid pace. However, mobile devices have been suffering from a lack of sufficient battery capacity for the intensive/continuous use of these applications. In addition, the mobile ecosystem is currently heterogeneous and comprises a plethora of networks with different technologies such as LTE, Wi-Fi, and WiMaX. Hence, an issue must be addressed to ensure that quality of experience (QoE) is provided for the users in this scenario: an energy-efficient strategy that is designed to extend the battery lifetime of mobile devices. This paper proposes an architecture which provides an intelligent decision-making support system based on Fuzzy Logic for saving the energy of mobile devices within an integrated LTE and Wi-Fi network. The simulated experiments show the benefits of the solution this architecture can provide by using QoE metrics.
Introduction
The increasing demand for new services, technologies, and content is changing the way users obtain access to the Internet. According to Cisco, by 2021, 74% of the mobile devices will generate 98% of the traffic data, and 78% of this will originate from video traffic [1] . The popularization of the use of multimedia applications, together with the increase in the number of mobile users, makes it essential to supply services with a high transmission rate and improved quality.
Both in the current climate and in the future, the wireless network environment will be based on the coexistence of multiple networks that provide access to a wide range of technologies such as Bluetooth, Wi-Fi, WiMAX, and LTE. This will be a place where mobile users, equipped with devices supporting multiple network interfaces, will be able to obtain access to multimedia services through different access networks by means of the radio. In other words, the heterogeneity of a wireless environment provides the opportunity to assess and select the best network from a range of others, on the basis of the required conditions of a multimedia service.
In light of this, handover is a procedure that allows a mobile device to be disconnected from a network so that it can be connected to another. Its goal is to allow mobile users to be always connected (ABC, Always Best Connected [2] ) to a network, so that their application can keep operating while they are relocating between different places. When the decoupling and connection involve the same network technologies, the phenomenon is called horizontal handover, whereas vertical handover involves the use of different technologies.
Since users want a better multimedia experience in their mobile devices, the delivery of video of a high quality is a more challenging task in wired networks. This is also owing to restrictions and mobility behavior and the environment of heterogeneous wireless networks itself; however, it mainly lies in the challenge of meeting the required conditions for multimedia applications with regard to the transfer of data and ensuring low latency and an insignificant loss.
The decision of when and where to carry out the handover will depend on several factors or attributes such as the following: QoS (Quality of Service), RSS (Received Signal Strength), bandwidth, the battery consumption rate, and mobile user speed. The concept of Quality of Experience (QoE) is becoming a key factor because it can measure the degree of quality of a multimedia service through the perception of the user. In other words, the satisfaction of the user can be measured through required conditions based on social psychology, cognitive science, and engineering science [3] .
Expectations about satisfaction for different services and application vary among different users. The traditional concept of QoS fails to take account of the fact that the satisfactions of the user should be used as an indicator, or, rather, it is only concerned with the network properties through metrics designed for the delivery of content [14] [15] [16] . This means that QoE should be an important attribute to take into account in the handover decision-making process.
Another key factor that needs to be considered is the level of power consumption of the mobile device, since video applications consume a large amount of energy. Today, energy saving is a concern that must be addressed, particularly in heterogeneous wireless networks which provide a wide range of opportunities to choose networks that allow improved energy saving through vertical handover. However, it is a real challenge to select an ideal network that takes account of the users' preferences and is, at the same time, energy efficient.
The different types of technology have different bandwidth as well as different power consumption. Therefore, there is a need for a balance between bandwidth and energy consumption, because there will be times when the user opts for a network with more bandwidth, reducing the battery life, as there will be times when the user will choose to migrate to a network with less bandwidth but with a longer battery life [17, 18] . For this reason, the Fuzzy System will have as one of its inputs the battery consumption. This paper creates an algorithm for vertical handover decision-making based on fuzzy logic and which takes account of the following when selecting the best network: QoE criteria, energy consumption and the mobility of the user.
The paper is structured in the following way: The Section 2 provides a brief overview of studies related to vertical handover; The Section 3 describes the architecture of the fuzzy logic system for heterogeneous wireless networks; The Section 4 provides the analysis of the results and the Section 5 summarizes the conclusion of the study and makes suggestions for further research in the field.
Related Works
This section provides an overview of several related works on heterogeneous architectures that provide QoE support, together with seamless mobility for mobile users of different technologies or energy-saving strategies for battery devices.
There are several researches in the literature such as [4] that proposes a handover mechanism based on the coordination between MIH (Media-Independent Handover) and PMIPv6 (Proxy Mobile IPV6) to support user mobility.
The main focus of the research was the reduction of failed handovers, packet loss, and QoS requirements. However, the proposal does not consider support for energy saving and QoE. The work [5] proposes an algorithm that uses the parameters Time-to-Trigger (TTT) and Hysteresis Margin. Such parameters offered improvements in energy efficiency and Ping Pong Handover Ratio system. However, the proposal itself does not take into consideration the quality of user experience in its mechanism.
The Proposals [6, 7] Decision mechanisms use strategies based on Multiple Attributes Decision-Making (MADM). The proposal [6] developed a handover decision algorithm with energy efficiency support based on the TOPSIS (Technique for Order Preference by Similarity to Ideal Solution), which has the function of offering a rank of alternatives on the best networks for the selection. This algorithm uses as parameters power consumption, traffic class, and battery level of each network interface of the mobile device. The work of [7] presents a comparison of different MADM methods, considering the battery level standard. The main methods evaluated were AHP (The Analytic Hierarchy Process), ANP (Analytical Network Process), Fuzzy AHP, and Fuzzy ANP, where such methods were combined in 120 combinations for evaluation, in which the research results conclude that the best methods of combinations were Euclidiannormalization-TOPSIS-FANP and Sum normalization-GRA-FANP. However, the proposals [6, 7] , even considering the energy consumption, could not enable a relation with the standard of QoE.
The paper [8] proposes the use of the fuzzy system to handover decision, and the strategy was the combination of QoS parameters and QoE (Mean Opinion Score) indicators. The proposal [9] uses the QoE to select the best connection; the QoE was evaluated using Mean Opinion Score (MOS) in real time, through the PSQA (Pseudosubjective Quality Assessment) technique based on statistical learning through RNN (Random Neural Network). In [10] a Software-Defined Networking (SDN) architecture was proposed to implement a handover decision strategy based on fuzzy system considering QoS and QoE requirements; the fuzzy system is able to monitor a set of APs (Access Points) for the selection of the best AP to the user. In [11] , the proposal is a multicriteria algorithm combining fuzzy system and utility function as a decision strategy. The proposal uses the fuzzy system to support the input imprecision information, while the utility function is responsible for reducing the number of handovers. The papers [8, 10] , though proposing improvements to QoE, do not provide support for energy consumption. Although the proposal [11] considers multiple criteria such as delay, available bandwidth, and received signal strength, however the QoE and power consumption were not considered.
In [12] , we proposed the vertical handover decision algorithm, Artificial Neural Networks (ANN), which uses a learning method based on neural network. The algorithm considers the parameters of QoE and QoS in its decision mechanism but does not have support in relation to the user satisfaction. Despite the collected results, the ANN obtained a reduced number of handoffs performed, as well as the reduction of the delays. The proposal [13] uses a QoE evaluation Selecting the best network considering trade-off between QoE and energy efficiency mechanism based on RNN in order to search the mapping relationship between QoS values and MOS (Mean Opinion Score) values. In addition, a QoE-Q was proposed as a vertical handover algorithm, considering Q-learning theory, to maximize user experience quality. Simulation results point to an increase in QoE performance as well as improvements in mobile device energy consumption. However, the proposal has, as main focus, a vertical handover mechanism based on the correlation between QoE and QoS in heterogeneous networks. Therefore, none of them provides a joint approach that involves a solution for both energy-saving and vertical handover with QoE support. The proposal of this article is to propose a handover decision mechanism which provides the choice of the network taking into consideration the trade-off between energy consumption and QoE. Table 1 compares the related works in relation to the current proposal.
A Fuzzy Logic System for a Heterogeneous Wireless Network Architecture with an Energy-Efficiency Support System
This section presents a proposal with a Fuzzy System for seamless handover and energy-efficient support for mobile multimedia communication. The objective of the proposed architecture is to save battery in heterogeneous environment networks with multiple devices as expected for Future Internet environments (see Figure 1 ).
Problem Statement and Major Contributions.
One of the main contributions made by this article is to examine a dynamic heterogeneous architecture composed of an LTE technology (which is currently being adopted as the standard for 4G networks) and also formed of the IEEE 802.11n technology. This dynamic heterogeneous architecture is mobileoriented to Future Internet environments since it will offer multiple connectivity options and allow the user to choose the best network for a particular period of time. Even if the user moves away from his starting place to a new destination point, the architecture will continue to offer multiple connectivity options. When the mobile device is within the area of coverage of two or more networks, it has to select the network to which it will be connected, although the devices do not have any kind of mobile support or intelligence that can assist in its decision-making. Not even the technology standards can provide any kind of support for making decisions with regard to the selection and connection of the network.
At first, the only adopted criterion is the RSSI, or, in other words, the mobile device will only be connected to the nearest access point or base station. As a result, the lack of support for decision-making when selecting the network can cause the user problems since a mobile device with low battery power might be connected to a network which increases its energy consumption and hence reduces its battery life. Similarly, a user with a battery that has a prolonged life might be connected to a network that is saturated and offers a low bandwidth, and this can damage the user's application.
User mobility can also impair the quality of experience since users with high mobility can carry out excessive and unnecessary handovers, as in the case of the ping-pong handover. This means a mobile device will be connected to a new network even though it will only remain within the area of coverage of this new network for a short time, on account of its high mobility; this means that it will have to reestablish connection with the point of contact or previous base station.
Owing to the lack of mobile support or intelligence in the devices, another contribution made by this article is the Fuzzy Logic System which is oriented to heterogeneous wireless environments to assist decision-making with regard to the selection and connection of the network. However, the technologies must have different features before they can become a heterogeneous environment and, for this reason, this article puts forward a Fuzzy Logic System with two sets of rules. If the newly detected network is a Wi-Fi network, the Fuzzy system will be governed by a set of rules designed for this technology, whereas if the newly detected network is an LTE network, the Fuzzy system will also be governed by a set of rules designed for this technology.
The Fuzzy Logic System that is guided by two sets of rules that are applicable to each technology will allow the rational use of the mobile device. This system will prevent a mobile device with low energy from being connected to a network with high energy consumption and thus reduce the battery life. Similarly, the Fuzzy Logic System will prevent a device with a high battery capacity from being connected to a network that is saturated and hence has a low bandwidth; in this way, the Fuzzy System can also carry out load balancing by distributing the mobile devices among the networks. In addition, the Fuzzy System will be able to prevent high-mobility devices from being either rapidly connected to the network or disconnected and hence avoid the ping pong handover. For this reason, Fuzzy is unlike traditional systems, since it was implemented with particular technological features in mind and incorporates three input variables: mobility, battery level and Quality of Experience.
The technologies have different battery consumption and this needs to be taken into account; for this reason, this article makes another contribution which is the use of a realistic battery model that has specific battery discharge parameters for each technology. The Wi-Fi and LTE technologies have different battery levels and as well as this, each mobile device status also has a different level of battery consumption. This is because the battery discharge rate of a mobile device which is transmitting messages is different from when it is receiving them and in addition, is different when the mobile device is idle. This explains why the battery model used in the Simulator was Rakhmatov-Vrudhula, since the model traditionally used in the simulators is the linear model which has a single battery discharge rate regardless of its technology or status.
Another contribution made by this article is the use of Quality of Experience as an input metric of the Fuzzy Logic System. A measurement algorithm that could be used for Quality of Experience was implemented in the base stations and access points. The mobile device provides information (by means of network signaling messages) to the base station and access point to which it is connected, together with the level of quality of experience being offered. This measurement Wireless Communications and Mobile Computing 5 is derived from the number of video packets received by the mobile device, and this number allows the level of QoE being offered, to be classified.
The Fuzzy Rules Architecture.
Fuzzy logic is an extension of conventional logic (binary). Unlike traditional logic that works with exact values, fuzzy logic allows a degree of uncertainty, by seeking to manipulate imprecise terms that are normal in human language. This enables a digital system to be designed, which only works with binary logic, can mimic human thought and is able to process information in a subjective way.
In a fuzzy system, the result appears in a range from 0 to1. The value 0 means complete exclusion and a value 1 means full membership. The other values represent intermediate degrees of relevance. A certain element may also belong to two or more fuzzy sets that are defined in the same universe, where the values of the membership functions for each fuzzy set may be different. Thus, an element can belong more to one fuzzy set and less to others.
The Fuzzy sets are usually defined in linguistic terms Where the values represent the height of an individual, there may be three fuzzy sets that are defined as follows: low, medium, and high. If, for example, there are five fuzzy sets in the universe, one possibility would be as follows: very low, low, medium, high, and very high.
In this paper, three metrics were chosen as input: mobile speed, the remaining battery power and QoE (Quality of Experience). These metrics are used for the dynamic operations during the simulations. Mobile speed is also a very important metric, since a user with a high speed can be degraded if handover is performed within a small coverage area of the network. The QoE value indicates the video quality of a link network with a current Base Station/Access Point and it is an important metric to trigger the handover. The battery consumption varies depending on which network is selected, and there will be situations when the selected network should not only take into account the QoS/QoE requirements, but also the remaining degree of energy of the device.
It was decided to divide the speed (m/s), into three sets: low speed (interval [0 to 6]), medium speed (interval [4 to 14]), and high speed (when the speed is higher than 12m/s). Three sets were also defined for the QoE (dB): Low (interval [0 25], medium (interval [22 31 ] and high (when the QoE is higher than 31dB]. The battery power (in percentage terms) is defined in three sets: Low [0%-25%], medium [20%-80%], high [more than 70%]. These three fuzzy sets generate four outputs: NOT to make handover, PROBABLY NOT to make handover, PROBABLY YES to make handover and YES to make handover (see Figure 2) .
The architecture consists of two technologies: Wi-Fi (the IEEE 802.11n) and 4G (the LTE); the Fuzzy System will receive the necessary information to decide what is the best connection for that moment. Precisely because the architecture is behaved by two technologies, the Fuzzy System has two sets of specific rules for each one that will be explained below.
The Fuzzy Rules determine when the mobile user will change the network (handover). When the mobile user is connected to a Wi-Fi network and detects a new LTE network, the Fuzzy System will trigger the handover in the situations (Table 2) : In general, a mobile user connected to the Wi-Fi network will change to an LTE network when in Wi-Fi network the QoE is Low, or the energy level is medium/high and it has a high speed. This situation prioritizes the quality of experience for the mobile users.
When the mobile user is connected to an LTE network and detects a new Wi-Fi network, the Fuzzy System will trigger the handover in the situations (Table 3) .
In general, a mobile user connected to the LTE network will change to a Wi-Fi network when in LTE network the QoE is Low, or energy level is low/medium and it has a low speed. This situation prioritizes the energy level for the mobile users.
The Rakhmatov-Vrudhula Model.
The purpose of a mathematical model for batteries is to study/predict their performance or behavior. A battery is an assembly of electrochemical cells, each of which consists of two electrodes: one with negative polarity nodes and a cathode which has positive polarity. The electrochemical reactions generate electrons that are released to provide electric power to the devices causing the battery drain [19] , the battery model used in this paper was Rakhmatov-Vrudhula model. The Rakhmatov-Vrudhula battery model [19] is more realistic than the linear model because it takes account of the transmission states, and for each state there is a different type of electric discharge (see (1) ). This model includes different battery capacity and rates of recovery (in idle mode it is possible to increase the lifetime of the battery) for different types of batteries (alkaline, lithium ions).
where, −1 = the current discharge during the period − 1, A = calculates the discharge rate of the non-linear battery model, L = battery lifetime, = duration time of k period, and −1 = duration time of k -1 period.
The Distributed Mobility Management (DMM) Scheme.
In the application scenario, the handover decision-making is shared between the mobile station and point of attachments (POA) (e node B or access point). The Figure 3 illustrates the vertical handover process between the current and the target network in the proposed network architecture.
(1) When the MS detects a targeted neighbor network, it sends a Link Detected message to the target network, and this message allows the targeted network to recognize the mobile station. (2) The targeted network replies with a Link Parameters Report message, which contains network information, such as RSSI and the level of Quality of Experience being offered by the new network. (3) The MS passes the energy, the QoE and mobility information to the Fuzzy System (Wi-Fi or LTE rules on the network detected). The fuzzy output states whether the handover is necessary or not, the decision is made based on the value of output inference, the network that presents the highest value of inference will be the one chosen by the mobile device. (4) After the Fuzzy decision, the MS sends a Handover Initiate message to the targeted network to trigger the vertical handover. (5) The MS sends the current network a Link Down message about the need to change to a new network.
Evaluation of the Architecture
This section evaluates the architecture designed to provide QoE with maximized battery power. The performance assessment was carried out through Network Simulator 2 (NS2) and Evalvid Tool (to transmit the video in the simulation) [20] .
The objective is to demonstrate the benefits of the proposed architecture in relation to the original architecture, as well as to compare the performance of the proposal with other papers researched in the literature. The proposal has been compared in relation to papers [8] [9] [10] [11] . The proposals [8] [9] [10] [11] were adapted for the NS-2 simulator to the performance comparison. The mobility model used was Random Way Point, so the movements and speed of the mobile users were random in the simulation.
The video used in this simulation was "Sintel", which consists of 1253 frames with the YUV format, sampling 4:2:0 and dimensions of 1080x720, which was compressed through a MPEG-4 CODEC and sent at a 30 frame/s rate [21] . The video was chosen because the "Sintel" video is high definition.
The simulated parameters that were configured for all the experiments, are shown in Table 4 and represent the normal values of IEEE 802.11n and LTE networks.
The simulation parameters for the evaluation of energy consumption are described in Table 5 . The initial battery voltage was 1000 joules and different power transmission and reception charges were adopted for each technological system. In the case of Wi-Fi technology, the same values were adopted as in [21] and the values used in [22] for LTE. 
The Power Consumption Results.
Initially, the results were used to compare the battery life when the mobile user is connected in the architecture without Fuzzy System (the architecture with original protocols) with the mobile user connected in the architecture with Fuzzy System, during the simulations the mobile user performs handovers.
The mobile user in the architecture without Fuzzy System (Original Architecture) was connected for approximately 47 minutes, in the paper [11] was 48,5 minutes, in the paper [10] was 50,3 minutes, in the paper [9] was 51,2 minutes, in the paper [8] was 52 minutes and while the mobile user with an energy-saving policy was connected for 58 minutes (Figure 4 ). There is a gain in energy because with the Fuzzy System the handover in the network takes place when the battery level of the device is low. In this case, there will be a loss in quality for the user but an increase in the lifetime of the battery.
QoS
Results. This paper assesses the benefits of the scheme in terms of the network throughput rate. In the first situation, the mobile device was within the intersection of areas of coverage, while in the simulation in the original architecture without the Fuzzy Logic System, in the papers [8] [9] [10] [11] , the mobile device chose the network that was nearest even though it was saturated and offered a low quality of service. However, in the simulation in the architecture with the fuzzy system, the mobile device chose the network that offered the best quality of service. In Graph (Figure 5 ), it can be seen that the network throughput rate in the architecture with the fuzzy system was superior. The average throughput rate in the original architecture was 0,51 Mbps, in the paper [11] was 0,65Mpbs, in the paper [10] was 0,76Mbps, in the paper [9] was 1,6 Mbps, in the paper [8] was 1,8 Mbps and while in the architecture with the fuzzy system the average throughput rate was 2,23 Mbps.
In the second situation, the simulations had mobile devices with high mobility within the coverage area of the networks. In a scenario where the original architecture, the 
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Fuzzy Architecture Proposal Paper [13] Paper [14] Paper [15] Paper [16] Original Architecture papers [8] [9] [10] [11] had no mobile support for the selection of a network, the high-mobility devices carried out the ping-pong handover. In other words, they were connected to a new network, (which was offering less bandwidth) and were later connected again to their previous network. This unnecessary exchange of network impaired the customer flow rate and for this reason, in a situation where the architecture has a fuzzy logic system, the high-mobility mobile devices failed to carry out the ping-pong handover or maintain its quality of service. In Graph (Figure 6 ), it can be noted that there is a loss of flow in the high-mobility mobile devices which carried out the ping-pong handover.
QoE
Results. This paper also analyses the simulations with a video application. The video results are evaluated by means of objective QoE metrics: (i) Peak Signal to Noise Radio (PSNR), (ii) Structural Similarity Metric (SSIM) and (iii) Video Quality Metric (VQM). The data are collected by using the MSU Video Quality Measurement Tool (VQMT). The PSNR is a traditional objective method to estimate the standards of multimedia services based on the opinions of the user. The SSIM index is a decimal value between 0 and 1, where 0 means there is a zero correlation with the original image, and 1 means exactly the same image. The VQM determines the level of multimedia quality based on human eye perception and subjective factors, including blurring, global noise, block distortion and colour distortion. The results of the VQM estimates range from values of 0 to 5, where 0 is the best possible score. In accordance with the network parameters, the Fuzzy system will keep the user longer in the network that offers the best quality. 
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Fuzzy Architecture Proposal Paper [13] Paper [14] Paper [15] Paper [16] Original Architecture The videos transmitted with the Fuzzy System were superior to those transmitted without the Fuzzy System, to the papers [8] [9] [10] [11] . The PSNR value for a video without the Fuzzy System was 28dB which can be rated as a fair video, the PSNR value for video in paper [11] was 29dB and rated as fair video, the PSNR value for video in paper [10] was 30dB which can be rated as a fair video, the PSNR value for video in paper [9] was 32dB and rated as good video, the PSNR value for video in paper [8] was 34dB which can be rated as a good video, whereas the PSNR value for the video with the Fuzzy System was 37dB and rated as an excellent video. The video transmitted with the fuzzy system had a better performance during the transmission and kept a balance between energy and QoE (see Figure 7) .
The SSIM value for a video without the Fuzzy System was 0. 71, the SSIM value for video in paper [11] was 0,73, the SSIM value for video in paper [10] was 0,79, the SSIM value for video in paper [9] was 0,81, the SSIM value for video in paper [11] was 0,85 and while the SSIM value for the video with the Fuzzy System was 0. 93 (see Figure 8) .
The VQM value for a video without the Fuzzy System was 3.95, the VQM value for video in paper [11] was 3,02, the VQM value for video in paper [10] was 2,8, the VQM value for video in paper [9] was 2,41, the VQM value for video in paper [8] was 2,1 and the VQM value for the video with Fuzzy System was 1.44 (see Figure 9) . Figure 10 shows that the video transmitted with the Fuzzy System had a better performance, since the delay was less than the video transmitted without the Fuzzy System, in the papers [8] [9] [10] [11] . The lower the delay, the faster and more efficient the delivery of the frames, which confirms the superiority of the [13] Paper [14] Paper [15] Paper [16] Original Architecture Figure 8 : SSIM over Frames. 
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video transmitted with the fuzzy scheme by means of the QoE metrics ( Figure 10 ). The superiority of the video transmitted with the Fuzzy System can also be determined by making a visual comparison of the frame transmitted with the mechanism (Figure 16 ), and with a frame of the video transmitted without the 
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Frames Fuzzy Architecture Proposal Paper [13] Paper [14] Paper [15] Paper [16] Original Architecture mechanism (Figure 11 ), in the paper [11] (Figure 12 ), in the paper [10] (Figure 13 ), in the paper [9] (Figure 14) , in the paper [8] (Figure 15 ).
Conclusion and Suggestions for Future Work
The mobile devices for the new heterogeneous wireless communication architecture need to be connected to networks that are able to provide the best quality of experience. However, there are occasions when it is important is to save energy and extend the battery life, even if this reduces the quality, to ensure continuity and avoid an abrupt termination of the services. This paper proposes a Heterogeneous Wireless System formed of IEEE 802.11n and LTE networks that makes use of Fuzzy Rules to support an energy-efficient approach for saving battery power, while keeping QoE at satisfactory levels. Simulation evaluations show the benefits of this intelligent-based middleware solution for energyefficient seamless vertical handover. In future studies, the architecture will include new technologies, inputs for the Fuzzy Systems, and battery models, as well as dynamic scenarios with mobile users competing in IEEE 802.11n and LTE networks.
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